Light and food are two major environmental factors that impact daily life. Light entrainment is centrally controlled by suprachiasmatic nuclei of the hypothalamus. Food entrainment might require cooperation between the intestine and dorsomedial hypothalamus. Clock genes that are essential for light entrainment also play a part in food entrainment. Understanding the role of clock genes in the entrainment of intestinal functions, as well as in gut-brain communication during food entrainment, will enhance our understanding of gastrointestinal and metabolic disorders. This review highlights recent studies examining light-and food-entrained regulation of plasma lipids and of various intestinal activities and offers insight into the role of the intestine in food entrainment.
Introduction
The rotation of the earth around the sun and on its own axis with remarkable periodicity, resulting in day and night, is a dominant environmental factor that affects each living organism. Adaptations by metazoans to these daily changes manifest as variations in physiological and behavioral activities that recur with approximately 24 h intervals. That mammals have retained circadian (see Glossary) rhythms that probably evolved billions of years ago in photosynthetic cyanobacteria underscores their fundamental importance in the propagation, survival and evolution of life. Food is another factor that affects daily physiological and behavioral activities because of the dependence of life on external sources of energy. Here, we briefly describe clock genes and discuss their role(s) in light-and foodentrained circadian variations. Our main focus is on the rhythmic variations of intestinal functions, the role of the intestine in food-entrained regulation and responses of intestinal proteins to changes in food availability. In addition, we discuss daily variations in plasma lipids and highlight issues that need exploration to understand the role of different proteins in the acclimatization of cells to recurrent environmental cues.
Light, clock genes and circadian rhythms
Daily changes in light are recognized by neurons in the retina, and this information is transmitted via a subpopulation of retinal ganglion cells to two suprachiasmatic nuclei (SCN) in the anterior hypothalamus of the brain (Figure 1 ). These nuclei are composed of numerous cells (~20 000 neurons) that are individually capable of eliciting endogenous, autonomous circadian rhythmicity and constitute the light-entrainable oscillator (LEO) (Figure 1a) . The LEO converts the light-entrained information into neuronal and humoral output signals and influences various biological rhythms (e.g. locomotor activity, body temperature and hormone secretion) and, therefore, serves as a master pacemaker in the body [1] [2] [3] [4] [5] [6] [7] [8] [9] . The transmission of light signals leading to physiological and behavioral changes begins with the expression of certain transcription factors (i.e. clock genes) in the SCN. Clock genes show endogenous rhythms but need external cues for their entrainment. The most dominant factor that entrains clock genes is light.
Central to circadian regulatory mechanisms are two basic helix-loop-helix Period-ArntSingle-minded transcription factors, Clock and Bmal1 [1] [2] [3] [4] [5] [6] [7] [8] [9] (Figure 2 ). They form heterodimers and bind to E-box sequences to enhance the transcription of Period (Per), Cryptochrome (Cry), Rev-erbα and retinoic-acid-related orphan receptor alpha (Rorα) genes; therefore, Clock and Bmal1 constitute a major positive feedback loop. Per and Cry transcription factors form heterodimers, move to the nucleus and repress the expression of clock genes, thereby constituting a negative feedback loop. The Per proteins are phosphorylated by casein kinases and targeted for degradation by proteasomes [10] . This degradation lowers their concentrations and helps initiate another positive circadian cycle. In addition, histone acetylation and deacetylation also play a part in controlling clock gene expression [11] [12] [13] . RORα, possibly along with PPARγ coactivator-1 alpha (PGC1α) [14] , forms a secondary positive loop and activates Bmal1, whereas Rev-erbα inhibits Bmal1 expression and represents a secondary negative feedback loop [1] [2] [3] [4] [5] [6] [7] [8] [9] . The intricate timing of these molecular feedback events leads to the characteristic pattern of rhythmic expression of different phenotypes.
The elaboration of rhythmic behavior by the SCN also involves 'clock-controlled genes' ( Figure 3) ; these important intermediary transcription factors transmit circadian signals and control various metabolic pathways and physiologic functions. For example, D-site-binding protein (Dbp) affects drug and bile acid metabolism. Arginine vasopressin transmits the circadian response to regulate daily variations in drug metabolism and blood pressure. Reverbα and Rorα act as both clock genes and clock-controlled genes [15, 16] , transmitting circadian signals to other genes involved in physiologically important regulatory and metabolic pathways. Identification of new clock-controlled genes and mechanisms involved in the transmission of diurnal behavior of metabolic functions will elicit new information about regulatory circuitry between metabolism and circadian rhythms.
Expression of clock genes can be entrained by other nonphotic stimuli, such as temperature, food and drugs. Therefore, clock genes represent a basic set of genes, the expression of which can be modulated to exhibit a recurring pattern with 24 h intervals. Ubiquitous expression of clock genes in different tissues, however, indicates that circadian expression is not a specific property of the SCN; rather, all cells are capable of circadian expression. In fact, cells in culture exhibit circadian gene expression when subjected to external stimuli; however, they need repetitive cues to maintain rhythmicity. Hence, clock genes act like 'servants', ready to carry out recurring, rhythmic functions when commanded.
Food-entrainable oscillator
Food also acts as a synchronizer of various behavioral and physiological activities [17] [18] [19] [20] [21] (Figure 1b) . As nocturnal animals, rodents consume food at night, and food consumption is accompanied by increases in locomotor activity with diurnal regularity [22, 23] (Box 1). Feeding rodents during the day inverses the phase of these activities and uncouples SCNregulated circadian rhythms in peripheral organs such as the liver, lung and heart [24] [25] [26] . SCN-lesioned rodents fail to respond to light but are entrained by restricted feeding [27] . These findings indicate that the food-entrainable oscillator (FEO) is distinct from the LEO. In fact, there is evidence that the LEO and FEO are anatomically distinct and are present in the SCN and dorsomedial hypothalamus (DMH), respectively [28, 29] . Ablation studies to establish the importance of the DMH in food entrainment have been controversial and inconclusive [29, 30] . Nevertheless, some biochemical and molecular studies indicate that the DMH might be involved in food-entrained regulation. For example, under ad libitum conditions in a 12 h light-dark cycle, the expression of c-fos, a measure of neuronal activity, in the DMH is in sync with that of the SCN [29] . During food entrainment, c-fos expression in the DMH dissociates from the SCN, showing maximum activity at mealtime. Similarly, an intense expression of Per1 and Per2 in the DMH occurs at mealtime in food-entrained mice [28, 31, 32] . Ablation of Per2 and Bmal1, but not Clock, abolishes food entrainment [28, 33] , and the loss of food entrainability in Bmal1 −/− mice can be rescued by expressing Bmal1 in the DMH but not in the SCN. Therefore, the DMH and several of the clock genes might play a part in food entrainment.
It is unknown, however, how the DMH is entrained by food. It is possible that this entrainment involves gut-brain communication. We speculate that signals for the entrainment of the FEO originate from the intestine (Figure 1b) . After coming in contact with food, the intestinal mucosa can elicit either humoral or vagal signals. Very little is known about the lumenal signals that entrain the intestine and about the humoral communications regarding food availability between the digestive system and the central nervous system. In addition, a mechanism or mechanisms entraining peripheral tissues by the FEO have not yet been elucidated. Although it was believed that glucocorticoids played a part [34] , it is now thought that glucocorticoid rhythm driven by the SCN opposes the food-entrainment response [5] . Instead, it has been hypothesized that circulating macronutrients and consequent activation of signaling pathways might be involved in resetting peripheral clocks during food entrainment [2] . This hypothesis places enormous importance on the intestine and macronutrient absorption as a signal for the entrainment of peripheral clocks by food and warrants further research towards elucidating the role of the intestine in food-entrained regulation of behavioral activities, physiologic processes and molecular events.
Circadian regulation of intestinal functions
The main function of the intestine is to digest and absorb nutrients present in food. Macronutrients, carbohydrates, lipids and proteins are hydrolyzed in the lumen of the intestine, and products are retrieved by enterocytes involving various transporters. Several transporters involved in the uptake of hydrolyzed products of dietary fat have been identified [35] . However, little is known about their diurnal regulation. Carbohydrates are broken down to monosaccharides and disaccharides in the intestinal lumen and are taken up by two principle apical transporters: Na + -dependent glucose transporter 1 (Sglt1), which transports glucose as well as galactose, and a facilitated fructose transporter, Glut5. Intestinal epithelial cells express a basolateral Glut2 that transports all monosaccharides from the cytosol to the blood. Sglt1 exhibits circadian expression independent of dietary regulation [36] [37] [38] . Like Sglt1, Glut5 also shows diurnal expression and is transcriptionally regulated. Coordinate diurnal changes in Sglt1 and Glut5 indicate that carbohydrate metabolism is regulated to maximize absorption at mealtime.
Proteins are hydrolyzed to small peptides and free amino acids in the lumen of the intestine. H + -peptide cotransporter 1 (Pept1) expressed on the apical side of enterocytes is the major protein involved in the transport of small peptides [39] . Pept1 is expressed diurnally in the rat small intestinal epithelial cells with maximal mRNA and protein expression occurring at dark, coincident with Sglt1 expression [37] . Moreover, Pept1 expression is affected significantly by fasting and feeding schedules [36, 40] . Recent studies indicate that circadian expression of Pept1 might be under the control of a clock-controlled gene, Dbp [41] . In addition to the peptide transporter, several amino acid transporters have been identified in intestinal epithelial cells [42, 43] . However, little is known about their diurnal regulation. It is likely that some, if not all, of the amino acid transporters show diurnal rhythmicity.
In general, expression of these transporters is high at mealtime, and their expression pattern is altered significantly under conditions of food entrainment. Therefore, it seems that food has a prominent role in regulating intestinal transporters. In fact, the majority of transporters do not show dependence on vagal innervations [38] . There have been some speculations about the effect of humoral factors on enterocyte transporter expression. Lumenal signals associated with the passage of a meal through the intestinal tract might also be important. Tavakkolizadeh et al. [44] proposed two distinct and separate pathways regulating the expression and function of transporters in intestinal epithelial cells. One pathway involves gut lumenal signals (presumably food intake) to induce diurnal variations, whereas the second is a daily anticipatory mechanism that prepares the intestine for an expected increase in nutrients before exposure to lumenal contents. Therefore, several mechanisms might be operative in the entrainment of intestinal transporters.
In addition to nutrient absorption, several functions of the gastrointestinal tract exhibit circadian activities [45] . For example, peak DNA synthesis in the esophageal epithelial cells occurs towards the end of the dark cycle, and peak DNA synthesis in the rectum occurs much later [46] . Furthermore, intestinal epithelial cells frequently self-renew and exhibit circadian variations. The rhythmic property of intestinal cell proliferation has been the basis for timed chemotherapies and radiation therapies in the treatment of metastatic colon cancers [45] . Basal gastric acid output is high at night and low in the morning, which is indicative of circadian secretion. Vagotomy abolishes this rhythm, indicating a vagally controlled circadian rhythm. Gastric and colonic motilities show biological rhythms, and their disturbances contribute to constipation and irritable bowel syndrome. Interestingly, gastrointestinal symptoms (abdominal bloating and pain, alterations in bowel habits, constipation, and diarrhea) are commonly seen in people with abrupt routine shifts, shift workers and transcontinental travelers [47] . These examples indicate that some intestinal functions are rhythmically regulated and that their disruptions lead to health disorders. Therefore, understanding the mechanisms underlying diurnal variations in the digestion and absorption of food might be useful in the diagnosis and prevention of these disorders.
Rodent colon and stomach epithelial cells express clock genes that exhibit circadian behavior [48, 49] . The circadian expression of clock genes in these tissues occurs in phase with that seen in the liver but is phase-delayed with respect to the SCN circadian clock and not affected by total darkness. Vagotomy has no effect on circadian expression of clock genes in the stomach, excluding the possibility that neuronal signals are required for entrainment. However, clock gene expression in the stomach is markedly altered when animals are subjected to food restriction, albeit with no effect on expression of these genes in the SCN [24] . These studies indicate that the colon and stomach express canonical clock genes in a circadian manner and are susceptible to attunement by food independent of the SCN. Further studies are required to determine the expression and regulation of clock genes in the small intestine and their regulation by food.
Plasma lipid homeostasis and circadian rhythms
Thermogenesis and the sleep-wake cycle, plasma free fatty acids and triglyceride levels also exhibit circadian rhythmicity in humans and rodents [50] . Free fatty acids are transported bound to albumin in the plasma. By contrast, other lipids -such as triglycerides, phospholipids and cholesterol -are transported on special protein-lipid complexes called lipoproteins. Lipoproteins are generally classified based on their flotation properties. However, they can be also divided into two categories based on the presence or absence of apolipoprotein B (apoB). Triglycerides are transported in the plasma as part of apoBcontaining lipoproteins (Box 2). These lipoproteins are mainly synthesized in the intestine and liver and require apoB, a structural protein, and microsomal triglyceride transfer protein (MTP), a chaperone present in the lumen of the endoplasmic reticulum [51, 52] . Intestinal lipoproteins transport dietary and biliary lipids via the exogenous pathway (Box 2, Figure  Ia) . Hepatic lipoproteins remobilize lipids delivered by chylomicron remnants, as well as those synthesized in the liver via the endogenous pathway (Box 2, Figure Ib) . We reported recently that diurnal variations in plasma triglyceride and cholesterol are mainly caused by changes in apoB lipoproteins [53] . In addition, intestinal and hepatic MTP gene expression show rhythmic expression in rats and mice [53] . Changes in MTP and plasma lipids are abrogated when mice are placed in total light or dark for five days, indicating regulation by the light-entrained SCN. Interestingly, circadian variations in both MTP and plasma lipids are altered when mice are subjected to food entrainment, implicating FEO involvement. Thus, both light-and food-entrainment mechanisms can regulate plasma lipids; however, key molecules involved in such regulation have not yet been identified. Another crucial question that has yet to be addressed is whether FEO acts independently or in cooperation with the LEO to elicit circadian variations in plasma lipids and in tissue MTP gene expression. It is possible that the FEO co-opts clock genes to regulate MTP expression and plasma lipids.
Food entrainment enhances plasma triglycerides at mealtime. For example, even though chow is low in fat, chow-fed rodents show increased plasma triglycerides at mealtime [53] . Triglycerides also peak in humans after meals, indicating an eating response [50] . These studies indicate that surges in plasma triglyceride might be due to increased digestion and fat absorption. However, Escobar et al. [54] showed that plasma triglycerides and free fatty acids, but not glucose, show persistent circadian rhythmicity in rats fasted for 96 h. The increases in triglyceride during fasting, however, were lower than those observed in the fed state [54] . Similarly, Fukagawa et al. [55] showed plasma triglyceride circadian rhythms in fasted rats, indicating that an entrainable oscillator controls changes in plasma triglycerides. There is evidence to indicate that clock genes might have a role in circadian regulation of plasma lipids. Clock mutant C57Bl/6J mice are obese and exhibit characteristics of the metabolic syndrome: hypercholesterolemia, hypertriglyceridemia, hyperglycemia and hypoinsulinemia [56] . However, expression of a clock mutant protein in ICR mice has been shown to disrupt fat absorption, and these mice are resistant to diet-induced obesity [57] . It remains to be determined, then, how Clock modulates plasma lipids and why Clock mutant mice develop metabolic syndrome or resistance to obesity depending on their genetic background. Knowledge of the molecular and biological mechanisms regulating daily variations in plasma lipids might provide new insight regarding the pathobiology of common metabolic disorders.
Apart from plasma lipids and lipoproteins, biosynthesis of lipids in tissues also shows diurnal variations. Several in vitro and in vivo studies show that cholesterol synthesis exhibits circadian rhythm in the liver and intestine [58] [59] [60] [61] [62] [63] . In fact, several proteins involved in lipid metabolism (such as hepatic cytochrome P450 cholesterol 7 α-hydroxylase, HMG CoA reductase, lipolytic enzymes, apolipoprotein AIV and Pparα) show diurnal variations in both humans and rodents. The expression of most of these enzymes does not show diurnal variations in Clock mutant mice, indicating that Clock is important for their diurnal expression in the liver [64, 65] . Besides light-dependent regulation, the importance of feeding as a modulator of several metabolic enzymes has been revealed by numerous studies [61, 66, 67] . One hamster study showed that feeding patterns affect diurnal rhythmicity of cholesterol biosynthesis and HMG-CoA reductase activity in the intestine and liver [66] . A similar connection has been reported between food intake and the cyclic rise in HMG-CoA reductase activity [61] . Although it is generally believed that food intake is responsible for the major increase in intestine and liver cholesterol synthesis during the circadian cycle [67] , there does not seem to be a general agreement on this point, and other theories point to hormonal regulation [68] . Thus, specific mechanisms responsible for changes in tissue cholesterol levels remain to be identified. As there is for cholesterol, there is evidence for the circadian expression of genes involved in triglyceride biosynthesis. For example, sterolregulatory-element-binding protein-1c, acetyl-CoA carboxylase, fatty acid synthase and fatty-acid-binding protein 4 show diurnal variations in the liver and fat tissues of normal mice [69, 70] . Mechanisms that control circadian expression of genes involved in cholesterol and triglyceride biosynthesis have not yet been explained.
As discussed previously, synthesis and transport of lipids show diurnal variation. Recent studies indicate that lipids might affect circadian expression of clock and clock-controlled genes in peripheral tissues. C57BL/6J mice on a high-fat diet, for example, show dampened diurnal rhythms of canonical clock and clock-controlled genes in the liver and adipose tissue [70] . In addition, diabetic mice show attenuated circadian expression of hepatic clock genes compared to non-obese control mice [71] . In contrast, high-fat or cholesterol and cholic acid diets in ICR mice do not affect circadian expression of hepatic clock genes [65, 72] . These studies indicate that the effect of fat might be strain specific in mice. More experiments are necessary to explain the effect of fat accumulation on clock gene expression and other circadian activities.
Future perspectives
Alterations in sleeping habits owing to modern busy lifestyles affect circadian rhythms and could contribute to obesity [73] . Furthermore, easy accessibility to high-caloric 'fast food', changes in dietary content and inactivity can also contribute to the metabolic syndrome [74] . Indeed, high-fat diet disrupts circadian regulation of clock genes and other physiological rhythms [70] , although how high fat alters circadian rhythms remains to be determined. It is possible that high fat disrupts signaling pathways that are important for exquisite elaboration of circadian rhythms. Alternatively, accumulation of fat might affect secondary metabolites and crucial molecules that might be intermediary in elucidating circadian rhythms. Conversely, restricted food availability or caloric restriction is thought to prolong life and reduce cancer risk; again, however, mechanisms for such effects are poorly defined [75] . Fasting is the primary approach self-imposed by many individuals to lose weight. How do these self-imposed food restrictions affect metabolic processes? Do they favor or avoid hyperlipidemia and the metabolic syndrome? Attempts to understand the molecular and biological mechanisms regulated by food entrainment might unravel new knowledge about the pathobiology of common metabolic disorders associated with fasting and feasting.
One of the main purposes of this review is to inspire vigor in identifying the role of the intestine in food-entrained regulation of circadian rhythms. There are several fundamental questions that need to be addressed in this regard. How do intestinal cells communicate with the brain to elicit a food-entrainable response? How does the brain prepare organisms for mealtime? What molecules are crucial for food entrainment of the intestine and other peripheral tissues? Knowledge of these molecular and biological mechanisms, as well as the role of clock genes in food entrainment, might be useful in understanding etiologies of gastrointestinal, metabolic and behavioral abnormalities.
Obviously, several different approaches are required to answer these questions. Despite the evidence that vagal communication might not be necessary for food entrainment, there is a need to examine biochemical and molecular changes in the DMH and other areas of the brain after disruption of vagal innervations in food-entrained animals. Experiments are needed to precisely activate different regions of the brain and identify loci that are important in the elucidation of food-anticipatory and -consuming responses. It might be easier to expose food-entrained animals to different agonists and antagonists to recognize receptors and neurons important for food entrainment. Similarly, neuron-specific ablation might provide invaluable information about the role of candidate genes in food entrainment. Exposing brain cell cultures to various peptides and hormones elaborated by intestinal cells might highlight the role of humoral factors. The humoral communication from the DMH to the intestine and other peripheral tissues in food entrainment is another area that needs further experimentation. In this regard, newly identified molecules (e.g. C16:1n7-plamioleate [76] , oleoylethanolamide [77] , N-acylphosphatidylethanolamine [78] and adropin [79] ) that have been shown to have a role in satiety and other physiologic functions might be interesting candidates for the entrainment of the DMH.
Another area of interest that needs immediate attention is the expression of intestinal clock genes. Are there variations along the jejunum-colon axis in expression of these genes? More importantly, why are clock genes expressed in the intestine? A simple explanation is that they are needed to control local circadian expression of several genes. Is it possible that clock genes might have roles other than their involvement in circadian regulation? Could clock genes be important in regulating genes that carry out normal physiologic functions? It is possible, for example, that clock genes play a part in the expression of genes involved in carbohydrate, protein and lipid absorption?
It is also essential to identify clock-controlled genes that are important in regulating various intestinal functions and to explain how clock genes transmit circadian signals to intestinal transporters in carrying out diurnal activities. It is likely that various clock-controlled genes, independently or in combination, control proteins involved in absorption of proteins, carbohydrates and lipids. Therefore, experiments are needed to understand molecular interactions, communications and coordination among clock genes and between other functional genes that regulate intestinal functions.
Gastrointestinal disturbances are one of the most common health problems reported in shift workers. Several theories have been posited to explain common maladies in shift workers, including gastrointestinal motility, acid-base imbalance, activation of stress response and immune depression. However, few molecular explanations for the high number of gastrointestinal complications in shift workers have been found. At the molecular level, it is possible that gastrointestinal functions are more dependent on clock genes than other tissues are. A critical evaluation of the dependence of intestinal functions, such as digestion and nutrient absorption, on clock genes should be performed. It is anticipated that future research will offer novel knowledge about the role of diet, the intestine and the FEO in regulating physiologic and behavioral activities, as well as provide new perceptions about the molecular mechanisms involved in the transmission and entrainment of biochemical and cellular events by food. 
Glossary

Activities associated with the FEO
The FEO directs various behavioral and physiological changes. Animals subjected to food entrainment in a 12-h light-dark cycle exhibit new activities that differ significantly from those observed in animals fed ad libitum. These activities can be divided into those involved in preparation for meals (food-anticipatory activity) and in the ingestion, digestion and absorption of food (food-consuming activities). The anticipatory activities include changes in free wheel running, body temperature and bar tapping for food and increases in plasma cortical and free fatty acids. Food-consuming activities are accompanied by the upregulation of proteins involved in carbohydrate, protein and lipid uptake. A feature of food entrainment that has been overlooked is the cessation of these activities after the completion of a meal; failures in reducing these activities might cause metabolic disorders.
FEO activity is usually measured by recording wheel-running activity, which might represent a preparatory act to obtain food. This activity is probably controlled by sensory (taste) and nutrient responses. In contrast, changes in glucagon and free fatty acid levels might signify the fasting response. Increases in plasma triglycerides perhaps represent food consumption. The control of these different behavioral and physiological responses could be independently regulated. For example, restricted food availability increases locomotor activity and serum glucagon, free fatty acid and cortisol levels. However, entrainment for palatable food under ad libitum conditions entrains locomotor activity without affecting serum glucagon and free fatty acid levels [22] . Clock genes and diurnal regulation. Clock, Bmal1, Per1, Per2, Per3, Cry1, Cry2, Rev-erbα and Rorα constitute core clock genes. Clock/Bmal1 heterodimers interact with promoter sequences in different genes to increase their transcription and represent a major feedforward loop. Per and Cry protein heterodimers oppose their action to act as repressors and constitute a major negative feedback loop. Activator Rorα, possibly along with a coactivator (Pgc-1α), and repressor Rev-erbα regulate Bmal1 expression, constituting secondary positive and negative feedback loops, respectively. Different colors are used to represent individual transcription factors. Clock-controlled genes and regulation of metabolic functions. Clock/Bmal1 heterodimers bind to E-boxes to increase expression of genes independent of the classical feedback loop of clock genes. These genes are referred to as 'clock-controlled genes'. Induction of these clock-controlled genes helps propagate circadian signals via regulation of different metabolic genes leading to various physiological and behavioral outputs. For example, Pparα upregulates genes involved in fatty acid oxidation, and Rev-erbα suppresses genes involved in bile acid metabolism. Similarly, albumin D-site-binding protein (Dpb) and arginine vasopressin (Avp) have been shown to regulate genes involved in drug metabolism and blood pressure control, respectively. These clock-controlled genes modulate more than one physiologic activity; therefore, interactions among these clock-controlled genes might be important in regulating cellular and biochemical functions. This figure is intended to introduce the concept and is not comprehensive.
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